Figure 1. Distribution of RNA in Primary Neurons
The heavy fraction contains RNA granules. Cytosolic extracts of primary neurons growing 7 days (A) or 4 days (B) in culture were fractionated by centrifugation through 15%-45% sucrose gradient, and fractions were collected with continuous monitoring at 254 nm. Asterisk marks the heavy fraction that sedimented below the polysomes. (C) Free ribosomes from 80S peak, heavy polyribosomes, and RNA granules from the heavy peak viewed by electron microscopy. RNA granules appear as very densely packed clusters of ribosomes. Scale bar, 100 nm. rience (Wu et al., 1998) . Other evidence suggests that tical lysis and fractionation conditions, the heavy peak was absent in HEK 293 (Tujebajeva et al., 2000) , PC12, eEF2 phosphorylation can link NMDAR activation to a local increase in the CaMKII␣ synthesis during activityand COS cell lines as well as in young primary neurons (less than 4 days in culture; Figure 1B ), suggesting that dependent synaptic change (Scheetz et al., 2000) . We have isolated and characterized the RNA granule as a the assembly of the components within this fraction is coupled to neuronal differentiation. macromolecular control site where mRNAs involved in implementing long lasting synaptic changes are held in To confirm the identity of the components in each fraction and to characterize the novel heavy fraction, we translational arrest until stimulated. first sought to resolve their ultrastructural compositions. As shown in Figure 1C , the 80S peak contained single Results ribosomes. The polysomal fraction contained multiribosomal complexes that were usually arranged as beadsHeavy RNA-Containing Complexes Represent RNA Granules on-a-thread and corresponded to translating ribosomes. In contrast to the appearance of polysomes, the We first asked how RNA is distributed amongst RNAcontaining complexes in dissociated cultured neurons heavy peak contained densely packed, large clusters of ribosomes that ranged in size from 150 to 1000 nm from the E18 rat forebrain. The experimental conditions for the fractionation of RNA, and particularly RNA gran-( Figure 1C ). Some of the very large aggregates appeared as if two or three smaller granules had coalesced, perules, were optimized for neurons (see Experimental Procedures). Cell fractionation and sucrose gradient sepahaps during the centrifugation or preparation for electron microscopy. No similar structures were observed in ration of the cultured neurons displayed a distribution of RNA peaks corresponding to polysomes, ribosomes, any other fraction. These large assemblies of ribosomes were not bounded by a membrane. The electron microand mRNPs (messenger ribonucleoprotein complexes) ( Figure 1A ). In addition, a heavy peak that sedimented graphs of the heavy peak fraction were distinguished by their strong resemblance to RNA granules observed below the polysomes was also observed. Using the iden- We next compared the in vivo organization of ribosomal complexes, particularly in neuronal processes of on control cells and cells treated for 2 hr with KCl showed the following distribution of RNA among ribountreated and depolarized cells. The ribosomal complexes were detected in immunoflorescence experisomal complexes by computing the area under the peak for each fraction. In control cells 64.5% Ϯ 2.7% of RNA ments using anti-ribosomal protein S6 (rpS6) antibody.
In agreement with the published data (Gardiol et al., was associated with polysomes; 24.9% Ϯ 6.0% was associated with free ribosomes; and 10.6% Ϯ 3.2% was 1999), intensively stained large clusters of ribosomes in dendrites of untreated cultured neurons probably reprein the heavy peak. In KCl-treated cells only 47.7% Ϯ 1.9% of RNA was in polysomes; 43.5% Ϯ 2.4% was in sented RNA granules ( Figure 3A) . In contrast, the staining of ribosomes with the same antibody in neurons free ribosomes; and 8.4% Ϯ 1.4% was in the heavy peak. If the depolarizing conditions were changed back treated with 50 mM KCl for 2 hr appeared more dispersed and granular ( Figure 3A) . We hypothesized that to baseline conditions by replacing the medium with Neurobasal for 3 hr, the gradient was restored to the the difference in staining reflected a reorganization of granules and the background signal corresponded to The electron microscopic suggestion that the heavy peak contained RNA granules was confirmed with the polysomes and free ribosomes. In parallel, the ultrastructural appearance of the heavy peak granules from RNA granule marker protein Staufen. As described in cultured hippocampal neurons (Kiebler et al., 1999), untreated and depolarized cells was resolved by electron microscopy. Remarkably, after KCl treatment the Staufen antibodies labeled large punctate structures in the dendrites of cortical neurons ( Figure 4A ). Consistent large dense ribosomal aggregates dramatically changed their appearance ( Figure 3B ). These structures appeared with the observed colocalization of Staufen with dendritic RNA granules (Kiebler et al., 1999; Kohrmann et less compact, not exceeding 500 nm, and single ribosomes often could be resolved. Present after depolarizaal., 1999), Staufen was highly localized to the heavy fraction in both control and KCl treated cells, as shown tion, but not before, were "beaded strings" of ribosomes protruding like a spiral nebula from the perimeter of the by immunoblots ( Figure 4B) . Furthermore, the granules were labeled in immuno-EM experiments by both antigranules. cific RNAs, as a function of the total amount of that RNA, shifted from the heavy peak following KCl treatment for We next sought to determine whether specific RNAs were localized within the granule fraction and how depo-50 min. For example, 35% of CaMKII␣ mRNA was present in the heavy peak before depolarization, whereas 14% larization altered their distribution on the gradient. The specific RNAs analyzed were selected to provide a samwas present after depolarization. Similarly, 40% of trkB mRNA was present in the heavy peak before depolarizapling from the following five categories: (a) somatodendritic mRNAs involved in plasticity and observed by tion, whereas 18% was present after depolarization. Fifty-three percent of NMDAR1 mRNA was present bein situ hybridization to be present in RNA granules (CaMKII␣, trkB, NMDAR1, MAP2); (b) a somatodendritic fore depolarization, whereas 17% was present after depolarization. In the case of 18S rRNA, 45% was present nontranslated polymerase III transcript (BC1); (c) nonlocalized mRNAs for ribosomal proteins rpL39 and rpS29, in the heavy fraction before depolarization and 23% was present after depolarization. There was no decrease in somatostatin [SST], ␤NGF, and Na The most significant shift occurred predominantly from the heavy fraction to the polysome fraction. These this fraction in a concentration at least comparable to that in polysomes. However, by immunoblots with three changes were apparent for the somatodendritic mRNAs-CaMKII␣, trkB, and NMDAR1 ( Figure 6 ); howdifferent antibodies (detecting total eIF4E and phosphoeIF4E), eIF4E was present only in trace amounts in the ever, in the case of NMDAR1 mRNA, depolarization induced a shift into both the polysome and the untransheavy fraction ( Figure 7C ). As expected, eIF4E was highest in the fraction with the 40S ribosomal subunits where lated fractions. In contrast, the 18S rRNA also shifted from the heavy fraction with an accompanying increase eIF4E binds to capped mRNA to initiate translation, and it was present in the polysome fraction ( Figure 7C ). Of in the untranslated fraction. BC1 was localized to the mRNP fraction both before and after depolarization.
course, even trace amounts of eIF4E may be sufficient for translation, but the discrepancy in this key protein Other RNAs, particularly mRNAs for ribosomal proteins, SST, ␤NGF, NaK␤2, GAPDH, the mitochondrial COXII, between the polysome and granule fractions was striking. Distribution of the major eIF4G isoform (eIF4GI) be-NADH, and mitochondrial 12S rRNA, did not undergo the shift observed with dendritic mRNAs (Figure 6 illustrates tween the fractions was very similar to that of eIF4E ( Figure 7C ), whereas 4GII was undetectable by Western results for some of the mRNAs). Among these nondendritic transcripts, no increase in RNA level was observed blots and seems not to be expressed in neurons (in contrast to COS and HEK 293 cells; data not shown). in the polysome fraction, nor was there a significant decrease in the heavy fraction, but there was a tendency
The absence of eIF4E and 4G makes it unlikely that Capdependent and/or Cap-independent initiation occurs in for these RNAs to increase in the untranslated fractions after depolarization. The increased level of dendritic the granules. Similarly striking was the near absence in the granule fraction of the poly A binding protein mRNAs in the polysome fraction was all the more remarkable in the background of a global decrease in (PABP1), which acts synergistically with eIF4 in translation initiation. These factors were similarly absent in the translation associated with depolarization. The kinetics of the mRNA redistribution between fractions differed granule fraction of KCl-treated cells (data not shown).
To assess further the translational competence of the among the specific mRNAs. NMDAR1 mRNA decreased in the heavy peak and increased correspondingly in heavy peak, metabolic labeling was performed. The [
S]methionine/mixed amino acids incorporation curve polysomes after 10 min. The mRNAs for trkB and CaMKII␣ increased in abundance in polysomes between
was measured and superimposed on the RNA detection curve across the gradient. The polysome peak corre-10 and 50 min after depolarization.
Two peaks of nontranslating ribosomes (and the corsponded well to the radioactive peak ( Figure 7D ), while the heavy peak was located far along the downward responding shoulders of subunits) were separated in sucrose gradients (Figures 1 and 2) . A clearly distinslope of the radioactivity incorporation curve. If the heavy fraction were translationally competent, it would guishable peak lighter than 80S appeared more prominent in neurons than has been seen in other cells. In correspond to a second peak of radioactive incorporation. These findings strongly suggest that RNA granules addition to 40S and 60S ribosomal subunits, this peak contained mitochondrial rRNA and corresponds to the in the heavy fraction are considerably less translationally competent than polysomes. weight of the 55S-60S mitochondrial ribosome. The presence of mitochondrial ribosomes and mitochondrial RNA was verified by RT-PCR analysis of this fraction Discussion with primers specific for the 12S mitochondrial rRNA (compare distribution of 18S and 12S rRNAs between Depolarization-Dependent Association of mRNAs fractions in Figure 6 ) and the mitochondrial mRNAs enwith the Polysome Fraction coding NADH and COXII (data not shown).
One way to categorize translational control of eukaryotic gene expression is to classify control elements into those that affect translation globally and those that af-
RNA Granules Are Poised in Translational Arrest
The finding that mRNA distribution shifts from granules fect a selective subset of mRNAs residing in a specialized cellular locale. We have studied RNAs with known to the translationally active polysome pool after depolarization raised the question of whether mRNAs localized localization properties using fractionation techniques. In contrast to studies that depend on direct visualization in granules are translationally competent. Denaturing gel electrophoresis of total RNA from each fraction showed or isolation of dendrites, fractionation studies utilize the entire neuron. However, many phenomena related to trace detectable amounts of small cytoplasmic RNAs in the heavy fraction, but abundant amounts in the polyplasticity occur throughout the somatodendritic compartment, and local translational control in the region of some fraction ( Figure 7A ). The principle component of the small cytoplasmic RNAs is tRNA. To verify the negligible a synapse is probably not confined to the dendrite, but extends over the entire somatodendritic compartment. amounts of tRNA in the heavy fraction, we performed RT-PCR with primers specific for leucine tRNA (LeuNevertheless, those mRNAs that pass through the "dendritic sieve" represent good candidates for messages tRNA) on each fraction. This analysis confirmed that this particular tRNA was absent from the heavy fraction but that undergo specific translational regulation (reviewed in Steward and Schuman, 2001 ). present in the polysomes ( Figure 7B) . Furthermore, the fractions were analyzed by Western blot with antibodies Following depolarization, we observed a highly dynamic redistribution of many mRNAs between cellular against eIF4E and 4G. These rate-limiting initiation factors control the initiation step of translation (Sonenberg fractions and, particularly, an enhanced association of mRNAs involved in plasticity with polysomes ( Figure 6 ). and Gingras, 1998), a key site of translational regulation. If the heavy fraction RNA granules were translationally
The increase in specific mRNAs in the polysome fraction was coupled with a small but significant decrease in the competent, one would expect to find eIF4E and 4G in ). The gether, it is likely that the peak that sediments below absence of eIF4G makes it less likely that Cap-indepenpolysomes on the gradient corresponds to RNA grandent translation occurs in the granules. Although these ules, and the sharp discrete morphology of the peak combined results suggest that mRNAs in granules are suggests a structure with a relatively uniform sedimentalikely to be in a state of translational arrest, it is possible tion velocity. that other types of translationally competent RNA granAlthough mitochondria were rare in this fraction as ules were not detected in the sucrose gradients. The viewed by electron microscopy, and the mitochondrial shift of mRNAs from RNA granules, where they are semarker Mn SOD was not detected here by Western blotcluded from some of the translational machinery, to ting, it is possible that some mitochondria cosediment polysomes may serve as a local macromolecular control with RNA granules, because mitochondrial RNAs were of translation. cycles was limited to obtain the PCR reaction within the linear range. mM MgCl 2 ) were prepared using Hoefer Scientific Instruments' (San The optimal number of cycles for each pair of primers was deterFrancisco, CA) gradient maker with a sublayer of 0.5 ml of 45% mined by withdrawn aliquots of the corresponding reactions for sucrose. One and two-tenths milliliters of the cytoplasmic extracts agarose gel analysis after various numbers of cycles. The number was overlaid onto 10.6 ml gradients and centrifuged at 36,000 rpm of cycles sufficient for detecting clearly visible bands was chosen. for 2 hr at 4ЊC in a SW40 swing out rotor.
The relative intensity of the DNA bands remained the same for at Fractions of 1 ml volume or, alternatively, those corresponding least four additional cycles. to mRNP, ribosomes, polysomes, and heavy peak were separately Gene-Specific Primers collected with continuous monitoring at 254 nm using an ISCO UA-6
The following gene-specific primers were used (the sequences are UV detector.
written from 5Ј to 3Ј): GAACTTCTCCGGAGGGAAG and CGCATCCA RNA and Protein Isolation GGTACTGAGTG for CaMKII␣; ACACACAGGGCTCCTTAAG and AG For RNA and protein isolation the fractions were precipitated with 0.1 AATCCTACCACAGAGGC for trkB; CAAGATCGTCAACATCGGC and M NaCl and 2.5 volumes of ethanol, the pellets were dissolved in Trizol AGTGGCGTTGAGCTGTATC for NMDAR1; GTCAACACAAGAAGGA reagent (Life Technologies Ltd, Paisley, UK), and RNA and protein CCT and CCAAACTGAGCTGGAATTG for MAP2; AGAAGACACTGG were extracted according to the manufacturer's protocol. Purified AGGAGAAC and TCCATCTGGTCGGACTGAT for ribosomal protein RNA was resuspended in 30 l of RNase-free water, and its quality L39 (rpl39); AAGTTCGGCCAGGGTTCTC and CATTCAGGTCGCTTA was checked on a 1.5% agarose gels. Alternatively, proteins were GTCC for ribosomal protein S29 ( 
